The survival rate of femoral surface replacements has been low relative to conventional total hip replacements. The purpose of this investigation was to determine whether the early clinical loosening can be explained by mechanical causes. Using linear and nonlinear finite element methods, the pre-and post-failure load-transfer characteristics of the femoral surface replacement were analysed, and stress patterns and relative motions at the implant/bone interface were evaluated for a particular hip-loading cycle. Using histology of revision material as a guideline, implant loosening, bone resorption and fibrous interface formation were introduced in the model and their mechanical consequences analysed. The results suggest that the high failure rates are not correlated directly with the chances for primary mechanical failure of the implant-bone interface, but rather indirectly with the sensitivity of the implant design to implant loosening and the propagation of bone resorption and fibrous tissue formation. This mechanism appears to be governed by the proliferation of relative motions between implant and bone. We conclude that the 'secondary stability' of implants in general and their capacity to obtain a stable post-loosening conjiguration is an important design criterion for long-term survival.
INTRODUCTION
Hip surface replacement (HSR) was developed as an alternative to total hip replacement, mainly for younger patients, in view of its minimal 37 Clinical Materials 0267-6605/90/$03.50 0 1990 Elsevier Science Publishers Ltd, England. Printed in Northern Ireland requirements for bone removal and excellent potential for secondary procedures. l-3 One of the popular designs developed was the Wagner prosthesis. 3 Although the initial results published by Wagner were encouraging, later reports from others indicated relatively high failure rates.4-6 Head6 rep orted the results of 41 Wagner prostheses with an average follow-up period of 4.4 years and a failure rate of 34%, after which the procedure was abandoned. A comparable experience was evident in our own material, where 28 revisions had been performed at an average of 5.5 years post-operatively on 76 patients with 84 prostheses.7 Other designs have also exhibited high failure rates,8-10 and hip surface replacement has become quite unpopular to the extent that it is now carried out in a few centers only (e.g. Ref. 1).
Apart from its presumed advantages of minimal bone removal, HSR was also believed to have a fixation concept of superior mechanical quality. Wagner3 assumed that the load transfer from prosthesis to bone at the femoral side would be more physiological than in conventional, intramedullary prostheses, whereby the interface stress patterns would reduce loosening and bone resoprtion.
Biomechanical analyses of the Wagner cup and other HSR configurations have shown that these assumptions are not correct.10,12-'4 At the femoral implant-bone interface, not only compressive stresses but also tensile stresses occur. These may result in mechanical failure and, due to their non-physiological nature, in remodelling and resorption of bone. 15, 16 In addition the analyses showed that, in the trabecular bone of the head beneath the cup, the stresses are reduced relative to normal, which may cause bone to res0rb.l' Finally, previous analyses predicted high stress concentrations in the bone near the cup margin, which may cause bone fractures. Whether these biomechanical factors contribute to the high failure rates is as yet uncertain. Surgical errors due to the complicated surgical technique, effects of vascularity, friction and polyethylene wear products have also been mentioned as potential reasons for high failure rates. 7 Although resurfacing prostheses in the hip have lost their clinical popularity due to excessive failure rates, prosthetic loosening with other implants is still a major concern. From this perspective, femoral HSR is an excellent model to study failure mechanisms. Moreover, resurfacing prostheses fail relatively early and the cup/bone configuration is usually removed entirely during revision, and thus is available for analysis. In this study, 28 femoral heads removed at revision were investigated histologically.
The morphological observations included bone resorption and fibrous tissue interposition at the cement-bone interface, starting at the margin and gradually extending towards the apex.7 This me&a appeared to be initiated at the medial/inferior side. In the central of the head, osteopenia was apparent in most cases, and sclerosis usually seen under the apex of the cup. Similar findings were reported y others. 'a~17 A popular hypothesis to explain both the failure rates and the stomorphological phenomena is that excessive cement-bone interface esses cause loosening and subsequent interface motions. These in turn result in progressive bone resorption and fibrous tissue interposition. On the other hand, 'stress shielding' in the central bone causes osteopenia, and overstressing of the apex region under the superior cu causes bone sclerosis.
Earlier (linear) finite element method (FEM) analyses of the cup fixation'0,1"'4 were limited to simulations of the ideal, post-operative situation. In all these cases, stress concentrations at the peri p-rim interface and stress-shielding in the central bone wer ted. The morphological changes in bone, and the relatively high failure rates, were then directly related to these mechanical phenomena. It was noted by Askew et a1. 13 and by Huiskes et al., l4 however, that similar mechanical phenomena were also found in other prostheses, where failure rates were not excessive. From this observation we hypothesized14 that the early failure of HSR cups could be caused by a relatively high sensitivity to interface loosening, rather than by a higher incidence of initial loosening itself. The objective of the present analysis was to predict the temporal sequence of the stress patterns and relative otions between cup and bone accompanying morphological adaptations to initial loosening, in order to establish whether the actual mechanical phenomena are consistent with the above hypothesis. For this purpose, the FEM was applied for stress analyses of the femoral cup/head configuration, taking nonlinear loosening conditions i account and simulating the effects of fibrous tissue interposition at interface.
METHODS
In view of the requirement that a relatively large number of nonlinear finite element calculations must be performed, the use of 3D FE odels was considered impractical." Therefore, a simplified 2D FE model of the frontal plane was developed, derived from an earlier axisymmetric one. l4 The model is shown in Fig. 1 of the 2D FEM model for the nonlinear analysis, with the cup drawn separately from the bone: 1, quadrilateral plane stress elements; 2, beam elements (cup and spanning elements); 3, gap elements. Three loading cases are indicated with resultant external forces only: N, neutral orientations; M, medial; L, lateral. Elastic moduli: A, 1.7 X 104MPa (cortical bone); B, 5.50 MPa (trabecular bone); C, 400 MPa (trabecular bone). The thickness of the bone elements is 50 mm; the dimensions of the cup elements were chosen so as to replicate the structural behavior of a previous axisymmetric finite element model.14 divided in four areas with different elastic moduli, according to Brown and Ferguson , l9 and represented with isoparametric four-node planestress elements.
. The bone was
The cup was modeled with linear beam elements in the frontal plane and with a number of spanning beam elements between the medial and laterial sides. This schematization chosen was based on an earlier solid mode1,14 which showed that the cup/bone structure behaves as a plate on elastic support which, in the 2D analog, is equivalent to a beam on elastic foundation.
The rigidities of the cup and spanning beam elements, and the thickness of the bone elements, were chosen such as to insure optimal agreement of the deformations in the 2D model as compared with a solid model. Figure 2 shows shear and normal stresses at the cup/bone interface as determined in the present 2D model, compared with those found in the earlier axisymmetric model for the same loading case and material properties.14 A reasonable agreement is revealed, although much higher tensile and shear stresses are found at the lower medial side in the 2D model, which could not be reduced further by changing the model characteristics.
However, it is also possible that this discrepancy is due to inaccuracies in the axisymmetric model. In the latter model Fourier series were applied to describe the 3D displacements and stresses, and thus local stress values are overshadowed by those at the contralateral side. Askew et ~1.'~ reported a similar discrepancy in a comparison of their 3D and 2D models of a surface replacement configuration. The 2D model does not represent the cement. Histological results7 showed that the cement remained connected to the cup in ah cases, thus functioning in concert with the cup. Also, the results of the earlier solid mode114 showed that, owing to its thinness, the cement layer plays no appreciable role in the distribution of stresses and stress gradients at the cup/bone interface.
To simulate cup loosening, gap elements were introduced between the cup and the bone (Fig. 1 ). These gaps are opened in the normal direction when tensile nodal forces occur across the interface, and in the tangential direction when the shear forces extend over the Coulomb friction forces. The friction forces in turn depend linearly on the coefficient of friction p and the compressive forces. In accordance with histomorphological findings,14 the cup remains fixed in the apex region (Fig. 1) .
The value of the friction coefficient between cup and bone, after loosening, is unknown. To study this unknown factor, the effect of the value of p was investigated by parametric variation in a simplified model having fewer elements. Values of 0, O-05, 0.1, O-5, 1, 2, 3, 4, 5 and 100 were assumed successively, and the opening and closing behavior of the gap elements were compared. This behavior did not change appreciably for ,u 2 1. For ,u < 1, the ultimate status of the gaps, for an external force of 3000 N, did not vary appreciably, although the opening and closing conduct during the build-up of the force was different. On the basis of this analysis it was decided to use the value ,U = 1 for most calculations. This implies that in the model with a loose cup/bone interface the shear stress is equal in magnitude to the normal stress, as long as sliding does not occur. For a final check in the ultimate model, calculations were also carried out with ,u = 0 and p =5.
For the nonlinear calculations, the external load must be increased slowly from zero to its maximal value in order to enable the gap elements to adjust gradually, without causing numerical instability. The model must also simulate different loading conditions, corresponding roughly to the load changes occurring in the live patient during walking."
For this purpose, the following loading scheme was used ( Fig. 1) . Starting from the non-weight bearing situation, the resultant force was raised in 15 progressively increasing steps to a value of 3000N (approximately four times body weight). Throughout this increase, the force was directed at an angle of $ = 35" to the axis of the femoral neck (force N in Fig. 1 ). The force was then rotated over 20" to @ = 55" (L in Fig. 1 ) in four steps of 5". Then the force was rotated backwards, in eight steps of 5" to Q, = 15" (A4 in Fig. 1 ).
The actual external load was not applied as a single point force, but as an ellipsoidal pressure distribution over an angle of 30". This distribution was arbitrarily chosen, in accordance with earlier analyses. l4 In reality, a wider pressure distribution probably occurs, as V14, medial and lateral resorption;
V19, final stage according to histology.
was described by Huiskes and S10off,~~ based on contact-coupled FEM analyses of axisymmetric models of the HSR femur/acetabulum configuration. To investigate the effect of this discrepancy, separate calculations for these two loading cases were carried out. The results of this analysis indicated that the cup acts as a relatively stiff elastic buffer. Hence the relatively concentrated load application has a localised effect on the cup only, and does not notably affect the stress patterns in the bone and at the cup/bone interface.
For the modelling of fibrous tissue, a bilinear representation of stress-strain behavior, combining a low elastic modulus with gap elements, was used. 22 Bone resorption and fibrous tissue interposition were modelled in eight subsequent steps, guided by the histomorphological findings in the removed human material.7 A typical end configuration is shown schematically in Fig. 3 (a). After each resorption step, calculations were carried out with the load cycle described above. From the results, four configurations were selected which may be regarded as representative of the mechanical effects for the course of the resorption process ( Finally, a few other variations were analysed. The calculations with the alternative values for the friction coefficients ,u = 0 and p = 5 in the loose cup case were mentioned previously. In addition, analyses with the loose cup configuration were carried out assuming homogeneous trabecular bone properties (E = 400 MPa), and with a cup of lesser rigidity (E = 2 X lo3 MPa), and a cup of higher rigidity (E = 2 x lo7 MPa).
RESULTS
In the (linear) fixed-cup model, stress concentrations occur at the cup/bone interface at the apex, where the external load is introduced, and near the lateral and medial cup rims (Fig. 2) . The maximal values of the normal stresses (compression/tension) an shear stresses for the three loading cases in the load cycle are shown in Fig. 4 . The normal stress peaks at the medial and lateral rims ' particular are susceptible to changes in the external load orientatio negligible effects are seen in the shear-stress peaks.
After the cup/bone interface has loosened on the medial and lateral sides, in the indicated regions ( Fig. l) , tensile stresses disappear. The maximal compressive stresses increase by factors of 2 to 4. On the medial side, the cup moves away from the bone, in particular when the force moves laterally to 55" (Fig. 5 ). Figure 6 shows a complete survey of the Von Mises stress patterns in bone during the load cycle (N-L-M) for the subsequent phases : intact, resurfaced, loose cup (VlO), medial resorption (Vll), medial and lateral resorption (V19). In the intact head, the force is transmitted largely along the central trabecular bone. The 'neutral' force orientation (N) provides the closest agreement between stress patterns and trabecular bone architecture. After resurfacing, part of the load is transferred to the bone in the lateral cup/rim area; the central bone region is partly 'stress shielded'. These effects are further enhanced after cup loosening. Further decreases of stresses in the central bone area, and increases of load transfer in the lateral cup/rim region, then occur. Considering the reduction of stress in the medial bone area after cup loosening, it is not surprising that subsequent medial bone resorption (Vll) exerts hardly any influence on the stress patterns. Considerable differences occur, however, after bone resorption at the medial and lateral sides is completed (V19). In this case the stress patterns once more show the greatest similarity to the intact situation, with transmission of the forces along the central pathway in the head to the medial cortex. Figure 7 shows, for the later stages of loosening (resurfaced, loose cup (VlO), medial resorption (Vll), medial and partial lateral resorption (V14), medial and lateral resorption (V19)) the maximal compressive, tensile and shear stresses occurring at any moment in the load cycle, anywhere on the bonded part of the cup/bone interface. Peak stresses which threaten to disrupt the interface (tension and shear) occur in the immediate post-operative phase. After loosening, the tension peaks disappear, while shear and compressive stresses in the bonded interface part are not much higher than the maximal values found on the completely bonded interface. Dramatic stress increases are only found after medial and lateral resorption is completed. The maximal values occur mainly for the more lateral load L. In this case both tension and compression occur, next to shear stresses, at the bonded part of the interface. It is very probable that these stresses will cause the final disruption of the implant/bone connection and the onset of the final loosening phase, ending in an intolerable clinical configuration. These results are consistent with the hypothesis that interface bone resorption is caused by interface motions, and they give a possible explanation for the development of the resorption patterns. If we assume a threshold level of about 30 pm relative motion before resorption would occur (Fig. S) , then these results are also consistent with the histological observation that medial resorption occurs prior to lateral resorption.' Additional parametric analyses showed very little difference in the stress patterns for the models based on homogeneous versus nonhomogeneous elastic properties of trabecular bone.
In the case that the cup/bone coefficient of friction increased from /l=l to &LL=5, no appreciable changes were noted. When the coefficient was reduced to ,U = 0, there was a difference, particularly for the more medial force (M) in the load cycle. In this case, more load was transmitted via the central head, and less to the medial and lateral sides. Hence the degree of stress shielding in the central head is somewhat reduced relative to the case where friction is assumed. Naturally this is only to be expected, since no shear stresses occur at the loose interface in this situation, When the rigidity of the cup material was multiplied by a factor of 100 to E = 2 x lo7 MPa, the stress patterns in the bone and at the interfaces remained virtually unchanged. When reduced to E = 2 x 103 MPa, however, notable changes occurred. More load was transmitted directly to the bone in the load application area, and less via the lateral and medial sides. The maximal compressive stress in the bonde interface part increased threefold, and the maximal shear stress fourfold. Stress shielding of the central bone in the head disappeared.
It is evident that the FEM model applied is a simplified and generalize DISCUSSION resentation of the actual situation. The reduction to a 2D geometry constitutes an important simplification, required by the additional complexities of the nonlinear representation of interface behavior. However, if it is assumed that the load moves predominantely in the frontal plane, a reasonable approximation of stress patterns in that plane is obtained, relative to a 3D configuration. The 'spanning elements', which account for the 3D structural integrity of the cup, play an important role in this approximation.
The resultant external load was varied according to a predetermined cycle, between the angles of 15 and 55" with reference to the axis of the femoral neck. This cycle should be interpreted as a quasistatic rather than dynamic one, because visco-elastic and inertial effects were not taken into account. The actual load was applied by way of nodal point forces on the cup, distributed in such a manner that an ellipsoidal stress pattern was simulated by approximation. To rotate the resultant force, the nodal point forces had to be moved. Since the nodal points were not distributed with perfect regularity, slight deviations occurred in the stress distributions at the various angles, but these are considered to be of minor importance.
Although the real pressure distribution between the hip joint components will probably be wider than the ellipsoidal one assumed here " it was shown that this does not affect the overall stress patterns, owing to the relative rigidity of the cup.
The inhomogeneous elastic properties of the bone were introduced into the calculation as realistically as possible on the basis of values from the literature. However, a check calculation for which the bone was assumed to be homogeneous showed that the inhomogeneity exerts hardly any influence on the stress distribution in the bone and at the cup/bone interface.
An interesting parameter which can be described accurately is the elastic modulus of the cup. It turns out that a modulus larger than the one for CoCr alloy has no effect on the stress patterns. This implies that the CoCr cup is structurally so rigid relative to the bone of the femoral head that a stiffer material makes no difference. A similar effect was found in the analysis of acetabular cup reconstruction with regard to the material stiffness of metal threaded sockets. 21 This suggests the interesting possibility that there is an upper bound on implant rigidity above which the elastic modulus becomes unimportant. A cup of much higher flexibility (E = 2 X lo3 MPa), which can be considered as approximately 'iso-elastic' relative to the trabecular bone of the femoral head, results in a considerably different load transfer, whereby interface shear and compressive stresses increase. A material of this kind would be less favourable, similar to the disadvantage of flexible acetabular cups, requiring 'metal backing'. 23 An uncertain parameter in the present model is the coefficient of friction at the loose cup/bone interface. For p L 1, variations in the coefficient have hardly any effect on the interface behavior. For p < 1, rn~x load tends to be transmitted by direct compression across the nded part of the interface when p is reduced, because less shear stress is generated at the lateral sides of the cup.
An inherent weakness of the present analysis, which must be note once more, is that cup loosening and bone resorption were introduce to the model based on histomorphological findings, in order their effects. A much stronger case could be presented if the loosening and resorption were predicted by the model, mathematical 'feedback' modelling, and then compared histomorphology.
Such an approach is feasible only when more is known about the failure mechanism.
It is also evident that the histomorphological changes introduced in the model must be regarded as an 'average' representation of the changes observed in the different revision cases. Although these observations were consistent and similar, they were not equal.7 In conclusion, it must be stressed that the results of the present analysis should be interpreted as suggesting trends in tbe loosening process, rather than predictions of the precise changes whit occur.
results from the fixed cup analysis support an earlier finding'0,1*-13 W showed that the concept of surface replacement does not provide the favorable, physiological interface stress patterns initially expected (e.g. Ref.
3). To relate this directly to the relatively high clinical failure rates may seem an obvious step, but is not necessarily realistic. The interface stresses can only give an indication of the chances for interface failure to occur, when related to interface strength. This is partly a matter of statistics, as illustrated in Fig. 9 : both the maximal interface stress and the strength, occurring in uivo in a patient population, will be distributed according to some kind of stochastic function. separation of the distribution averages can be called the 'average s margin' (a.s.m.). In the case of a high a.s.m., the implant can be said to have a good 'primary stability' against interface disruption. maximal interface stresses found in the present analysis are in the o of Z-5 MPa in tension and l-5 MPa in shear. These values are high freq. 26 On the periphery, at the lateral side where the highest compressive stresses are found, the strength is in the lower end of this range, probably very close to the 3 MPa stress. In the superior part of the head, where compressive stresses of about 2 MPa occur, the bone is much stronger, in particular in the principal trabecular orientation. It is evident from these data that not much of an 'average safety margin' exists against tensile or shear failures at the medial interface, and against shear failure or compressive bone failures at the lateral interface. These phenomena must be expected to occur in a relatively large number of cases. However, the controversial fact is that interface stresses of the same magnitude were also predicted to occur in other joint replacement structures,16,23,27-29 which have a much higher survival rate than the femoral surface replacement.
It must be concluded that the relatively high clinical failure rates of HSR are not directly related to a relatively low 'primary stability'. It was for this reason that the 'secondary stability' was investigated, in order to assess the mechanical behavior and the stress patterns once loosening and bone resorption had occurred.
Unexpectedly, loosening of the cup at the medial and lateral interfaces in a large region (Fig. 1) does not significantly increase the stresses at the bonded interface part (Fig. 7) . Hence a partially loosened cup could remain stable indefinitely. It is only after lateral bone resorption reaches the superior region that the interface stresses in the bonded part of the cup proliferate ( Fig. 7) . This explains why most of the cups were still well-fixed to the bone in the superior apex region in the revision material.7 It also supports the hypothesis that cup loosening in itself does not necessarily lead directly to a clinical failure.
What does seem to happen after cup loosening, however, is that compressive stresses at the lateral interface increase even further (Fig.  6) , and that relative motions between cup and bone occur at the medial interface ( Fig. 5) . These mechanisms initiate a process of local bone resorption and fibrous tissue interposition, whereby resorption on one side increases the relative motions on the other side, and vice versa (Fig. 8 ). This process proliferates relatively rapidly, until the support area of the cup becomes too small and the whole structure collapses (Fig. 7) .
The hypothesis that relative motions between implant and bone cause bone resorption and fibrous tissue interposition is not controversial, but has very little documentation in the literature. Perren et al.,3o experimenting with bone plates in animals, observed patterns of osteolysis around bone screws which suggested that the extent of motion determines the extent of bone resorption.
On the basis of these experiments, Schneider31 advanced his hypothesis of the so-calle 'Nulldurchgang' (zero passage), which suggests that bone resorption occurs in places where due to the external load the implant moves away from the bone. Eftekar et al., 32 investigating the histomorphology of the fibrous tissue interface in 100 specimens obtained at revision surgery of previously failed hip replacements, concluded that micromotion is the first step towards a distractive phenomenon at the interface. Radin et a2.33 came to a similar conclusion. The histomorphology of the interface in the surface replacement material of our own revision series is also consistent with this view.7 The precise mechanism through whit relative motions are related to bone necrosis and fibrous tissue formation is not known. Tissue 'irritation' and the attraction of macrophage cells is often mentioned, similar to processes in fracture healing. It is also possible that local fluid flow phenomena due to mechanical pumping action play a ro1e. 34 It must be concluded from the present analysis that the relatively low survival rate of femoral surface replacements relative to other kinds of arthroplasties can be explained by mechanical causes only if the 'secondary stability' of the fixation is considered.
It is the postloosening process, rather than the fixation failure itself, which causes tbe arthroplasty to fail early in a clinical sense. The hypothesis that relative motions play the most important role in the failure-propagation process is consistent with the result of the analysis. The hypothesis that osteopenia in the central head region is caused by stress shielding is not supported by the present results.
The relevance of these conclusions must be regarded relative to design requirements for artificial joints in general, since surf replacement have lost their clinical popularity. The implications of present findings are that prosthetic designs should not only be analyse with regard to their 'primary stability', their potential to generate mechanical interface failure, but also relative to their 'secondary stability', their potential to remain relatively stable after mechanical interface failure has occurred.
